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ABSTRACT

Inputs and interpretation procedures for pile wave equation analysis, which correlates measured
field dynamic driving response to axial pile static capacity, are highly dependent on site-specific
soil conditions and field practices. The 6th Edition of the AASHTO LRFD Bridge Design
Specifications provide generalized guidelines for pile design, but do not account for variability in
region-specific soils and field practices. A comprehensive literature review of region-specific
resistance factor recalibration efforts across the U.S. has given insight into the range of
implementation issues encountered, especially the key decisions around choosing a restrike
(BOR), along with measures of efficiency and treatment of time-dependent capacity gain through
pile set-up for BOR. A reevaluation and statistical exploration of cases within the extensive
Portland State University (PSU) Pile Load Test Database offers special insight into the
implementation issues for the PSU recalibration effort specific to Oregon Department of
Transportation (ODOT) and Pacific Northwest Practice. The information gathered from this
research provides a general commentary on increased foundation reliability and guidance for
approaches to implementation of LRFD bridge pile foundation design into practice.
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1.0

INTRODUCTION

Due to the high design loads on highway bridges, deep foundations are typically required to
transfer the superstructure loads to more competent material at greater depths. Driven piles are
commonplace in the design and construction of highway bridges and thus are required by the
FHWA to be designed in accordance with Load Resistance Factor Design (LRFD) principles to
align with structural practice. The axial capacity of a driven pile may be determined by the
geotechnical engineer using traditional static analysis methods or dynamic analysis and field
dynamic testing methods. Static analysis methods refer to those which are commonplace in
undergraduate geotechnical engineering textbooks, such as the α-method, and rely on the
geotechnical engineer’s estimate of soil shear strength properties for inferring a pile capacity.
Dynamic methods refer to those methods which relate measured field driving response of the pile
to developed static soil resistance. One such method is GRLWEAP, which is a computer
program that the geotechnical engineer can (with knowledge of estimated percent frictional
resistance from a separate static analysis, driving equipment, and pile properties) generate a
graph relating field hammer blow counts required to overcome developed soil resistance on
every project pile. The more sophisticated Pile Driving Analyzer (PDA) is a piece of field testing
equipment that measures strain and acceleration at the pile head during driving on a limited
number of selected piles and converts it to an inferred total resistance. PDA results can be further
be refined by inputting to CAPWAP, a program which is able to match the driving pile’s
measured response, or signal, to a resistance distribution along the pile. Thus, a CAPWAP
analysis allows the total resistance estimated from PDA to be broken down into its side frictional
and end bearing components.

Each method for pile analysis carries its own degree of uncertainty and reliability, and will thus
have a unique statistically derived resistance factor for a given target reliability in LRFD
application. Uncertainty in dynamic methods for evaluating nominal axial pile capacity is
compounded by the variability that results from local and regional standards of field practice.
Because dynamic methods relate field driving stresses to an estimated capacity, installation
procedures and field practice become ever more important to the reliability of those methods.
The AASHTO LRFD Bridge Design Specifications (AASHTO, 2012) provide general guidelines
for implementation of LRFD into geotechnical design, but do not address the region-specific
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uncertainties inherent in soil variability and local field practice standards, which are important to
dynamic method reliability. As a result, many regional and state Departments of Transportation
(DOTs) have elected to conduct region-specific recalibrations of resistance factors, φ, for their
primary method of driven pile capacity estimates in their soil types for implementation into their
state DOT bridge codes.

This report explores the changes in treatment of dynamic methods nationally and regionally by
the AASHTO LRFD Bridge Design Specifications and state DOTs with particular focus on pile
restrike and time-dependent capacity gain (setup). In addition, issues encountered with
implementation and a review of the database used in Phase I and Phase II of the Portland State
University (PSU) recalibration of φ for GRLWEAP for the Oregon Department of
Transportation (ODOT) are provided. Because GRLWEAP may be applied to every project pile
at a lower cost than dynamic testing, key implementation questions remain, and the resulting
Phase III presented here is a general commentary on increased foundation reliability and
guidance for approaches to implementation of LRFD bridge pile foundation design into practice.
1.1
1.1.1

BACKGROUND
Public and Private Industry Standards

Engineering design standards are published works meant to ensure that all practitioners adhere to
the same design principles for applications within a given industry. For public agencies, such as
the FHWA or a state DOT, published guidelines in the form of design specifications or design
manuals place restrictions on the engineer’s exact approach for a particular design application, as
well as their scope of site investigation and field procedures. Since the variability in geotechnical
design results is influenced heavily by selected method of analysis and estimation of soil
properties, the aim is to achieve consistency in design amongst all of that agency’s projects.
Geotechnical engineering in the private sector is quite different in that the approaches to various
engineering project types are a function of the engineer’s judgment, project consultant’s defined
scope, and past experience with similar design applications. The engineer may follow a public
agency guideline, such as an FHWA manual, or some company standard that his or her firm has
published. Beyond that, the engineer may just use his or her personal experience with that
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specific project type when selecting the most appropriate design approach and scope of site
investigation needs and field procedures. In general, it can be said the geotechnical engineer
working in private industry is given free range as far as what he or she deems most appropriate
and effective for a given design application.
The lack in consistent and codified standard of practice within geotechnical engineering sets it
apart from disciplines like structural engineering, which relies heavily on codes. This becomes
most apparent when geotechnical and structural engineers come together as colleagues on the
same project, which is not at all uncommon.
1.2

ALLOWABLE STRESS DESIGN (ASD) AND LOAD RESISTANCE FACTOR
DESIGN (LRFD) METHODS

Perhaps the largest chasm between geotechnical and structural engineering design is each
respective discipline’s preferred design method. Geotechnical engineers have long adhered to
Allowable Stress Design (ASD), a simplistic approach to design whereby a peak design load, Qd,
is selected based upon an evaluated limit load, Q L, set by the geotechnical strength conditions
and a factor of safety, FS:

In geotechnical engineering, Q L is obtained often by estimating, usually through static analysis
from soil properties, the soil’s limit resistance. This limit can correspond to either an ultimate
state (e.g. bearing capacity failure) or a serviceability limit state (e.g. excessive settlement).
Acceptable FS values vary within specified ranges depending on the design application. Ranges
may be specified in a design manual or code for public industry applications, but left to the
engineer’s judgment in private industry applications. In both cases, the basis for these FS values
is past design experience within the industry and rarely are FS values lowered to reflect higher
precision if no failures are observed on implementation. As a result, some applications of ASD
designs may risk over conservatism by way of an unnecessarily high FS values.
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Load Resistance Factor Design (LRFD) is a reliability-based design method which accounts for
the distinctly separate uncertainties associated with load type and resistance type. Consequently,
each load and resistance type shows its own unique probability distribution (Salgado, 2008).
Figure 1.2-1 gives two illustrative probability density functions (PDFs) for a load, Q, and
resistance, R. In LRFD design, Q is factored up by a load factor, γ, and R is factored down by a
resistance factor, φ, and the overlap ‘probability of failure’ is based on an acceptable risk. As
such, load and resistance factors will vary depending on the design application’s level of
acceptable risk, or target reliability index, β (Figure 1.2-1).

Figure 1.2-1: Example probability density functions for load, Q, and resistance, R (left) and their resulting
combined limit state function, g(R,Q) with target reliability index, β (right)

Design by LRFD is governed by the code issuing agency’s overlapping zone of PDFs and
fulfilled by the inequality:

The load factors, γ, are unique to the specific load type (e.g. dead load, live load, etc.). But in
geotechnical design, resistance factors, φ, will vary depending on the method used to arrive at a
nominal capacity (soil resistance).

LRFD standards of practice are codified and factors vary depending on the specific industry and
application. The codes are a means of ensuring that all design engineers adhere to the same
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methods, using the same target reliability index, load factors, and resistance factors, creating
consistency in design across a given industry. For FHWA bridge projects, LRFD has been
codified in the AASHTO LRFD Bridge Design Specifications.
1.3
1.3.1

ESTIMATION OF NOMINAL AXIAL PILE CAPACITY
Static and Dynamic Methodology

In geotechnical design, LRFD procedures depend on the selected method for estimating nominal
axial pile capacity. Predicting pile capacity can be lumped into two major primary methods:
static or dynamic. Static methods include those summarized in undergraduate textbooks, which
relate the soil’s shear strength properties to total pile resistance. Total pile resistance, Q p, is made
up of the sum of frictional soil resistance, Qs, and end bearing resistance, Q b :

Each component of the total resistance is analyzed separately, and the percent contribution of
each component is heavily dependent on soil type, where cohesive soils are typically dominated
by Qs and non-cohesive soils by Qb (Salgado, 2008). Static analysis requires that the designer
have knowledge of the site’s conditions and information about the soil’s shear strength, obtained
either through laboratory or in situ testing.
Dynamic methods do not utilize directly the estimated soil shear strength parameters, but rather
relate the pile’s field response to driving to an estimated nominal axial capacity through wave
theory. Wave Equation Analysis Program (WEAP, or the commercial GRLWEAP) is a software
application that models the transfer of kinetic energy into a pile required to overcome both static
and dynamic soil resistances. The program models the soil –pile system as a lumped mass and
spring system. The pile is discretized into elemental units connected by springs. Static soil
resistances on each of these discrete elements are modeled as linear springs, while dynamic
resistances as dashpots, shown in Figure 1.3-1 (FHWA, 2006). The user inputs: estimated
percent contribution of frictional soil resistance as determined by a separate static analysis, pile
depth, pile dimensions, pile material, and driving equipment. The latter is selected from the
program’s library of hammer types and their associated driving energies and efficiencies. The
program generates a bearing graph whereby pre-specified capacities are related to hammer blow
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counts per foot of pile penetration. As a result, the pile’s capacity can be inferred using this
bearing graph along with the field measured blow counts (PDI, 2005).

Figure 1.3-1: Wave equation analysis program soil-pile model (FHWA, 2006)

Pile Driving Analyzer (PDA) is a piece of field testing equipment that measures the pile’s field
response to driving, further verifying what is modeled by GRLWEAP. Testing includes
accelerometers and strain gauges attached at the pile head, which connect to the PDA unit. The
PDA unit converts acceleration and strain readings to velocity and force measures from the
hammer’s impact during driving. Based on wave mechanics, the measured return velocity and
force waves indicate the amount of developed total resistance along the length of the pile without
distinguishing the relative percentages attributed to frictional and end-bearing resistances
(FHWA 2006). The hammer’s actual, measured energy delivered to the pile as read by the PDA
can also be input to GRLWEAP in order refine the bearing graph and modeled capacity
estimates.
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PDA readings can be further analyzed using the CAse Pile Wave Analysis Program (CAPWAP).
CAPWAP performs the iterative process of matching the measured return force and velocity
wave readings from the PDA to the wave of modeled soil resistance distributions. As a result, the
program can match the measured readings to a corresponding percent distribution of frictional
and end baring resistances, as shown in an illustrative exmaple in Figure 1.3-2 (FHWA, 2006;
Salgado, 2008; Smith et al., 2011). Dynamic methods have become ever more popular for field
verification due to their increased availability to practitioners and their relative low cost when
compared to fullscale static load testing. The results obtained from dynamic methods, however,
are highly dependent on local field practices soil conditions. While dynamic methods are
addresed in the AASHTO LRFD Bridge Design Specifications, the guidelines are broad and do
not speak to the nuances of region-specific standards of practice.

Figure 1.3-2: Example of signal matching (FHWA, 2006)
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1.4
1.4.1

AASHTO LRFD BRIDGE DESIGN SPECIFICATIONS
Bridge Design Specifications

The AASHTO LRFD Bridge Design Specifications provide the general procedures for LRFD to
be used in highway bridge design applications. Historically, highway bridge superstructure
design has followed LRFD procedure, while bridge substructure design continued to rely on
traditional ASD procedures, creating a chasm between structural and geotechnical engineering
practice and a piecemeal approach to design. Recognizing this disconnect in the design process,
the Federal Highway Administration (FHWA) mandated that all new bridges constructed in the
United States after October 1, 2007 adopt fully the LRFD procedures for design. That is,
geotechnical design of highway bridge substructures constructed after October 1, 2007 must
adhere fully to LRFD procedures. Thus, a new section focused exclusively on foundations,
Chapter 10, was added to the specifications in the 2004 3rd Edition in anticipation of the 2007
deadline. Chapter 10 of the AASHTO LRFD Bridge Design Specifications provides generalized
guidelines for LRFD that, since nationally applicable, do not address region-specific soil
variability or standards of field practice. The φ values in Chapter 10 are meant to serve as the
lower bound standard to be followed if individual state DOTs do not wish to develop or have not
yet developed their own region-specific φ values. Since 2004, subsequent editions of the
specifications have included notable changes to the recommendations for driven pile foundation
design Chapter 10. In addition, several state DOTs have since elected to calibrate their own
region-specific φ values in accordance with their local soils and standards of practice.

1.4.2

Chronology of Chapter 10 Bridge Design Specifications Changes

The 3rd Edition AASHTO LRFD Bridge Design Specifications was the first edition to impart a
chapter wholly to foundation design. Released in 2004, the code included φ values for the
various methods of estimating axial nominal capacity of driven piles. These values were based
on the work by Barker, et al. (1991 NCRHP Report 343), and were admittedly fitted in large
part to the ASD FS (AASTHO, 2004; Allen, 2005). That is, equivalent φ values were generated
to fit industry-standard FS via closed form equation. For dynamic and field verification methods,
φ values were further modified with a separate field verification factor, λv. With its fit to ASD
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practice and the separate field verification factor not rooted in reliability-based methods, the
recommendations in the 3 rd Edition are not truly in accordance with LRFD philosophy.
The dynamic method GRLWEAP is given a φ=0.65λv, which suggests that GRLWEAP only be
used if some additional verification method is employed. PDA and CAPWAP are not assigned φ
resistance factors, but rather unique λv, further suggesting that these tools are to be used for
verification rather than means for capacity estimates. These values range from 0.90 if PDA is
performed on 2%-5% of the piles to 1.0 for PDA with CAPWAP or PDA with static load test
verifications. If GRLWEAP is used with no verification methods, then a λv of 0.85 is listed,
bringing the effective φ down to 0.55. Variability of dynamic methods with field practice is not
addressed, either. Specifically, the time-dependent capacity gain (setup), discussed in Section 2
of this report, is not at all acknowledged in the 3rd edition. Capacity using dynamic methods may
be evaluated at the end of driving (EOD) or at beginning of a restrike (BOR) some time after
initial driving. The latter of these two is used to capture time-dependent capacity gain (setup) that
occurs in some soil types, a phenomenon will be discussed in detail in Section 2 of this report.
Though taking capacity estimates at BOR was a standard of practice at the time of the release of
the 3rd edition, the φ and λv values are applicable only to EOD conditions.
Not until the 4th Edition AASHTO LRFD Bridge Design Specifications were all φ values for
driven pile capacity based on statistical calibration by reliability-based methods. These φ values
were largely the results the largescale research effort led by Samuel Paikowsky and summarized
in the NCHRP-507 report (Paikowsky, 2004). Paikowsky used databases of pile static load tests
from across the country gathered from sources ranging from academic, private practice, and
public agency. The PD/LT2000 database included piles which were dynamically monitored such
that time-dependent capacity changes were addressed. That is, dynamic testing results were
provided for the end of driving (EOD) conditions and beginning of restrike (BOR) conditions
before piles were statically loaded to failure (Paikowsky 2004). However, the final
recommended values in the 4 th Edition omit time-dependent capacity gain (setup) for
GRLWEAP, as the φ for GRLWEAP of 0.40 is only applicable EOD conditions (AASHTO,
2007).
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The φ value for GRLWEAP changed again with the release of the 5 th Edition in 2010. φ was
increased to 0.50, but still only applicable to the EOD conditions. In the adjacent commentary, it
is noted that this value was not adjusted based on a statistical recalibration, but rather based on a
fit to the standard ASD FS. The commentary goes on to suggest that piles that exhibit timedependent capacity gain (setup) should be evaluated at BOR conditions, even though no φ value
is offered for this condition. Finally, the commentary gives latitude to state DOTs to alternatively
calibrate their own region-specific φ values based on regional soil types and standards of practice
(AASHTO, 2010). Table 1.4-1 gives a summary of the changes to dynamic method φ values in
the AASHTO LRFD Bridge Design Specifications described above since the inception the
Foundations Section 10 in 2004. The most recent 6th Edition shows no changes since the 2010
edit to the GRLWEAP φ.

Table 1.4-1: Chronology of changes to φ values for dynamic methods
rd

Method

3 Edition (2004)

Wave Equation Analysis
(GRLWEAP)

φ = 0.65, λv = 0.85

th

th

th

4 Edition (2007)

5 Edition (2010)

6 Edition (2012)

φ = 0.40 (EOD only)

φ = 0.50 (EOD only)

φ = 0.50 (EOD only)

(no field verification)

PDA only

λv = 0.90

-

-

-

PDA with signal
matching (CAPWAP)

λv = 1.00

φ = 0.65 (BOR)

φ = 0.65 (BOR)

φ = 0.65 (BOR)

With GRLWEAP as its primary means for estimating driven pile capacity, the Oregon
Department of Transportation (ODOT) was concerned with the 4 th edition’s exclusion of BOR
conditions for the GRLWEAP φ value after its release in 2007.
1.5

PORTLAND STATE UNIVERSITY ODOT RESEARCH

ODOT was one of those state DOTs that felt a regional recalibration of φ for the GRLWEAP
dynamic method of analysis necessary to better reflect local soil type and standards of practice.
In 2008, ODOT recruited researchers at Portland State University (PSU) to first investigate the
need for a regional recalibration in a Phase I study and second perform a full statistical
recalibration of φ for GRLWEAP in a Phase II study.
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1.5.1

Phase I

In 2008, with the assistance of FHWA-Western Federal Lands, Drs. Trevor Smith and Peter
Dusicka of PSU sent a comprehensive questionnaire to regional DOTs in the Pacific Northwest
to gauge the use of GRLWEAP in pile capacity estimations for design, and opinions surrounding
the φ value assigned for this particular method. Their reported study also included a foundation
reevaluation using AASHTO-recommended LRFD procedures of an existing Oregon bridge that
had been designed to ASD standards, the result of which provided a comparison of foundation
sizes and relative costs associated with each design approach (Smith and Dusicka, 2009).
The results of the questionnaire indicated that the dynamic method, GRLWEAP, was indeed the
dominant method for estimating nominal axial pile capacity within regional DOTs, and that those
practitioners largely felt the recommended φ of 0.40 at EOD conditions was too conservative for
applications in local soils that are prone to the time-dependent capacity gain called setup. They
felt that following AASHTO-recommended LRFD procedures on future bridge projects would
yield over-conservative estimates of pile capacity and thus drive up project costs.
To further verify this last point, the PSU research team offered a reanalysis of a case study of an
Oregon bridge built to ASD standards. They compared the required number of driven piles at a
one bridge bent using a factored GRLWEAP pre-setup EOD capacity, factored GRLWEAP
setup beginning of restrike (BOR) capacity, and factored CAPWAP capacity, to the as-built bent.
Using an EOD capacity with the recommended φ of 0.40 resulted in 49 additional driven piles to
meet the structural loading demands, which would in fact drive up costs (Smith and Dusicka,
2009). The results of the questionnaire supplemented by the reanalyzed case study helped define
the need for a comprehensive regional recalibration of φ for GRLWEAP at both EOD and BOR
conditions and ODOT sponsored PSU researchers to proceed to Phase II.
1.5.2

Phase II

After presenting the case for recalibration summarized in Phase I, Dr. Trevor Smith and the
research team at PSU, with the backing of ODOT, undertook the effort to first build a
comprehensive selective database of quality pile load test results, and then perform a full
statistical recalibration of separate φ values for GRLWEAP at both EOD and BOR conditions.
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Pile load tests from across the country were gathered, largely drawn from the FHWA Deep
Foundation Load Test Database (DFLTD) (Satyanarayana et al., 2001) and the PD/LT2000
database (Paikowsky, 2004), which is the same as that used by Paikowsky in NCHRP-507. The
geographic origin of the databases’ case histories is uneven across the United States, with the
Pacific Northwest heavily underrepresented, as pile load testing occurs less frequently in this
region. The full PSU database comprised of 322 driven piles, but rigorous filtering resulted in a
final recalibration database of 175 usable cases. Each case was assigned an input tier based on
the level of reliance on assumptions for inputs to the FHWA-developed program DRIVEN
(Mathias and Cribbs, 1998), a static analysis software used in conjunction with GRLWEAP,
and/or the GRLWEAP analyses (Smith et al, 2011). As such, the tier placement reflects that
case’s severity of anomalies. After GRLWEAP analysis, each case was further categorized by an
output ranking to reflect the confidence level in the results. Finally, cases were divided into
several separate field practice scenarios for analysis. Each scenario was organized either by pile
type, soil type, input tier, output ranking, or some other means of data filtration. Scenario A was
the broadest with no filtering (full 175-case database) and Scenario G represented cases which
matched more closely ODOT practice. Cases in Scenario G met the highest input tier and output
rankings, and easy driving cases, less than 2 blows per inch (BPI), were eliminated. This is
because wave theory and the use of wave equation are no longer valid at these conditions (Smith
et al., 2011).

Statistical recalibration involved performing GRLWEAP analyses on all of the piles within the
database at both EOD and BOR, and then comparing those capacities to the actual pile load test
capacity results through a bias factor, λ. Bias is defined by the ratio of actual capacity measured
from the pile’s static load test using Davisson’s Criterion to the estimated capacity. Bias greater
than 1 indicates that the method underpredicts capacity, while bias less than one indicates that
the method overpredicts capacity. For a given method, a mean λ is determined, along with that
method’s coefficient of variation (COV). These two statistical parameters, along with predefined
load characteristics, can be used to determine the resistance factor, φ. For PSU Phase II research,
φ was obtained using both the closed-form First Order Second Moment (FOSM) method and the
more advanced Monte Carlo method. The latter will be addressed in a later section of this report.
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The former is defined by the following equation with load inputs defined in Table 1.5-1 and
resistance statistics obtained from the database:

Table 1.5-1: Values Used for FOSM φ Calculations
Load Type
Distribution
Predicted Value
λ
COV
ΥDL
ΥLL
β

DL
Lognormal
800
1.05
0.10

LL
Lognormal
400
1.15
0.20
1.25
1.75
2.33

The FOSM equation and load inputs in Table 1.5-1 are the same as those used by Paikowsky,
and are endorsed by the AASHTO recommendations. Using both closed-form FOSM and
advanced Monte Carlo methods, the researchers developed φ for driven piles using GRLWEAP
at both EOD and BOR conditions. The resulting recommendation was to increase φ at EOD to
0.55 and implement a new φ at BOR of 0.40.
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2.0

FACTORS

AFFECTING

ESTIMATIONS

OF

NOMINAL

AXIAL

PILE

CAPACITY BY DYNAMIC METHODS
Beyond just the method employed to arrive at an estimated nominal axial pile capacity, several
other factors contribute to the variability in results. Namely, as with all geotechnical work, sitespecific soil conditions and adequate site characterization are essential to the accuracy of these
estimates. In addition, driving equipment and field procedures are key.
2.1

SITE CHARACTERIZATION

As with all geotechnical work, adequate site characterization is of utmost importance. The site
characteristics and soil types present will dictate the type, dimension, and number of driven piles,
as well as the scope of dynamic analysis and testing. Thus, using field dynamic approaches does
not eliminate the need for a thorough site investigation. GRLWEAP depends on an estimated
percent contribution of side frictional resistance in order to generate a bearing graph. Thus the
engineer still must perform a static analysis, which requires some knowledge of soil shear
strength properties and soil layering. Pile’s driven into sites with a higher percentage of cohesive
layers will predominantly rely on frictional resistance, while those driven into granular sites or
shallow bedrock will rely more heavily on end bearing resistances. The GRLWEAP bearing
graph generated for a given layering scheme is only applicable to piles driven into comparable
stratigraphy. Similarly, dynamic test results taken at one pile are only applicable to that pile and
those subsurface conditions. Thus, site characterization must capture the horizontal, or spatial,
variability within the site in addition to the vertical variability within the stratigrpahy. These
vertical and spatial variabilities will dictate the degree of specified dynamic analysis and testing
to a site.
2.2

TIME DEPENDENT CAPACITY CHANGES

Depending on soil type identified on site, a time-dependent pile capacity gain or loss may occur
after initial driving. Rapid loading of cohesive soils during driving causes excess porewater
pressure to develop in the soil around the pile. As this excess porewater pressure dissipates with
time, the soil remolds, gains shear strength, and thus the pile’s side frictional capacity increases.
This phenomenon is not unique to driven pile design and is rooted in classic soil mechanics’
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consolidation theory. In piles, this time-dependent capacity gain is referred to as soil setup. The
amount of capacity gain is a function of soil type, pile material, and pile dimensions (FHWA
2006).

Setup capacity is paramount in those piles which rely heavily on frictional resistance, so timing
with respect to field dynamic methods becomes crucial to an accurate estimate of pile capacity.
The static equivalent capacity estimate as inferred from a bearing graph or from a PDA reading
is valid for that pile at the time testing. Thus, a capacity estimate made at EOD conditions will
not capture the change in capacity that occurs some time after driving (i.e. when surface
construction begins and the pile is actually loaded). For piles driven into cohesive layers, this can
lead to an underestimate of nominal axial capacity to be used for design. In order to capture the
effects of soil setup, piles driven into soils susceptible to setup are restruck at some specified
time after initial driving. After the wait time has elapsed, the new blow count often increases and
is referred to as the beginning of restrike, BOR. The BOR blow counts can then be used in
tandem with the GRLWEAP-generated bearing graph, or the restrike readings from a PDA used
in a CAPWAP analysis, to obtain a better estimate of the pile’s long term capacity. Guidance as
to how long after initial driving this restrike should occur depends on the soil type, pile
dimensions, construction time constraints, and local practice.

The amount of time required for a certain percentage of setup to occur may be inferred from in
situ testing. Cone Penetrometers (CPT) fit with piezometers (Piezocones, or CPTU) may be used
in early exploration to aid in guidance in selecting an appropriate time delay for restrike.
Stopping the CPTU advancement and taking porewater pressure dissipation readings can help
identify the amount of time require for equilibrium to be achieved. SPT-Torque testing is another
in situ test whereby an SPT sampler is driven to a specified depth, then subject to a torque from
which unit shearing resistance can be inferred. The sampler is left for some period of time, then
torqued again and compared with the first reading (Komkura et al., 2003).

Several empirical relations have been developed for estimating the amount of setup that can be
used as a preliminary gauge as to how much capacity gain is expected. Figure 2.2-1 provides a
summary of some of these relations. The most well-known is that of Skov and Denver (1988),
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which models setup as log linear with time after driving (Komurka et al., 2003). The empirical
relation requires a soil type constant, A, and an empirical time value in days, to in days. This to
represents the time at which porewater pressure dissipation rate becomes uniform, and is
typically assumed to be 1 day. If no setup data for the site specific soil is used, an A value of 0.2
is used. While these empirical relations may seem attractive for use on small projects with
limited budgets and time constraints in lieu of actual restrike data, they are still not site specific
and should only be used only for preliminary estimates (FHWA, 2006)

Figure 2.2-1: Empirical formulas for predicting time-dependent pile capacity gain (Komurka et al. 2003)

2.3

DRIVING EQUIPMENT AND FIELD PROCEDURES

Driving equipment and field procedures heavily influence the field response of the driven pile,
and therefore the estimated capacity using dynamic methods. Typical driving equipment includes
all or some of the following: the hammer components (ram and anvil), a striker plate, hammer
cushion, helmet or drive head, and pile cushion. Hammer cushions are meant to prevent damage
to the hammer or pile and help insure uniform driving behavior. The striker plate may be used as
specified by the hammer manufacturer to ensure uniform compression of the cushion. The pile
cushion is a means of further protecting the pile head. All of these components have an effect on
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the amount of potential energy from the hammer delivered as kinetic energy to the pile head, as
each is a contributor to system losses (FHWA, 2006).
Correct hammer efficiency is one of the most important inputs with regard to GRLWEAP
analyses. In pile driving, efficiency is the percentage of hammer ram potential energy available
in the form of kinetic energy on impact. While GRLWEAP contains a pre-loaded library of
hammer types and the corresponding energies, the truth is that each individual hammer will
deliver a unique energy to the pile depending on equipment age, equipment maintenance (or lack
thereof), and operation techniques. Poor maintenance may cause a diesel hammer to pre-ignite
(gases combust before impact), which slows the descent speed and reduces ram impact. Thus,
only a small part of energy is transferred to the pile. As another example, disallowing the rig and
hammer sufficient time to “warm up” prior to restriking will result in a lower hammer efficiency
than specified for that hammer type in the GRLWEAP hammer library, and will result in a high
BOR blow count. The high BOR blow count will in turn lead to an artificially high capacity
estimate.
The integrity of the driving equipment should be inspected during installation. Hammer cushions
change properties continuously upon driving due to the impact stresses incurred. Often made of
wood, cushions increase in stiffness throughout driving, and their effectiveness at transferring
energy correspondingly increases. Per FHWA, the cushion is to be inspected after each 100
hours of driving, or when beginning driving at each structure. Once the cushion thickness
decreases in excess of 25% of the original thickness, it should be removed (FHWA, 2006). It
becomes ever important to designers using GRLWEAP to make note of all equipment used and
changed, including hammer type and cushion thicknesses. Hammer cushions used during pile
restrike are stiffer and thinner than those used on initial driving. As a result, the bearing graph
generated from GRLWEAP from EOD conditions cannot be used for BOR conditions. Instead, a
second bearing graph should be generated to reflect the field equipment, specifically the cushion,
characteristics during restrike in order to obtain an accurate capacity estimate. Whether or not all
of the recommendations for field standards are adhered to will affect the resulting estimates of
pile capacity.
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3.0

FIELD

DYNAMIC-BASED

RECALIBRATION

AND

IMPLEMENTATION

EFFORTS
Region-specific recalibration efforts for dynamic methods have become commonplace among
state DOTs since the 2007 implementation ultimatum and release of the 4 th Edition AASHTO
LRFD Bridge Design Specifications. Some states have conducted their own in-house
recalibrations, while others have farmed out the work to universities. The following section
provides an overview of a few region-specific efforts at recalibrating resistance factors using
dynamic methods with particular focus on the treatment of restrike and time-dependent pile
capacity change. The cases presented in no way represent a complete picture of recalibration
efforts across the country, but rather a few of the major efforts
3.1
3.1.1

PACIFIC NORTHWEST
Oregon

As summarized in Section 1.5 of this report, ODOT funded the recalibration of φ for GRLWEAP
at both EOD and BOR conditions. PSU researchers compiled a database containing quality pile
static load tests from across the country upon which to base their calibrated resistance factors.
PSU and ODOT elected to treat resistances at EOD and BOR as distinctly separate, thus
requiring separately calibrated φ values. This is in accordance with methods summarized in the
NCHRP-507. At the time of completion, ODOT elected not to adopt the recommended φ values
of 0.55 and 0.40 for EOD and BOR, respectively, for two reasons. Firstly, the most recent
AASHTO bridge code had increased φ by 25%, from 0.40 up to 0.50, during the course of the
research, and secondly they felt the load test database from which these values were statistically
calibrated neither contained enough Pacific Northwest soil cases nor had enough pipe piles cases.
3.1.2

Washington

Washington’s Department of Transportation (WSDOT) is one of the many DOTs which gives
preference to simple driving formulae for their axial pile capacity estimates. Driving formulae, or
dynamic formulae, are a type of dynamic method which relates field driving behavior to capacity
through a simple closed form equation. The equation contains some constants that are calibrated
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to observed field conditions, and variables related to driving equipment and the measured driving
resistance in blows per inch (BPI).
WSDOT developed their own in-house driving formula as part of their recalibration efforts in
2007. Dynamic testing and GRLWEAP were both used in the development of the following inhouse driving formula:

Rn = nominal resistance developed during driving [kips]
Feff = hammer efficiency factor
E = developed energy of the pile-hammer system, or the kinetic energy in the ram upon
impact for a given hammer blow [ft-lbs]
N = penetration resistance [blows/in]
The hammer efficiency factor was calibrated for several hammer types using the results of
dynamic testing. PDA was used on the 131 tests to determine the actual energy transfer measures
for each hammer and pile type combination. These tests were the same as those used by
Paikowsky in the NCHRP-507 report, with locations mostly from across the United States and a
few international. Only two of the cases were WSDOT projects located in Washington, and it is
worth noting did not contain sufficient information for inclusion in the PSU GRLWEAP
database. As such, the database used for Washington’s recalibration is similar to that used by
PSU for the ODOT recalibration as it represents a wide range of conditions not specific to
Pacific Northwest soils or standards of practice. The resulting values the efficiency factor, Feff in
Table 3.1-1 are the averages suggested for use in the WSDOT formula (Allen, 2005).
Table 3.1-1: WSDOT Hammer Efficiency Factors
Hammer and Pile Application

Efficiency Factor, Feff

Air/steam, all piles

0.55

Open ended diesel hammers with concrete or
timber piles

0.37

Open ended diesel hammers with steel piles

0.47

Closed ended diesel hammers

0.35
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The predicted capacity using the above WSDOT formula was plotted against the measured
capacity from the 131 pile static load tests in Figure 3.1-1 and shows a somewhat good
agreement for resistances less than about 1000 kips (Allen, 2005). Figures 3.1-2 and 3.1-3 give
the predicted CAPWAP capacities at EOD and BOR conditions against measured static load test
capacities, respectively. This figures show that EOD-predicted capacity is consistently an
underestimate of the actual capacity, whereas BOR-predicted capacity generally in much better
agreement with the actual capacity.

Figure 3.1-1: WSDOT formula prediction of pile capacity (Allen, 2005)
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Figure 3.1-2: CAPWAP EOD prediction of pile capacity (Allen, 2005)

Figure 3.1-3: CAPWAP BOR prediction of pile capacity (Allen, 2005)

After development of this formula, WSDOT performed calibrations of φ for the WSDOT
formula, as well as CAPWAP at both EOD and BOR conditions. The researchers noted that the
WSDOT formula relates penetration resistance, N, at EOD conditions to a final measured
capacity some time after driving. In other words, because the formula was calibrated to relate an
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EOD driving resistance to a measured resistance that includes setup, an average setup is
accounted for in the equation. As such, a single φ value was determined for the WSDOT
formula, but separate EOD and BOR φ values for CAPWAP (Allen, 2005).
WSDOT researchers used the advanced Monte Carlo statistical method to determine φ values.
This method arrives at φ by fitting to the lower bound data in the dataset. Recall from Figure
1.2-1 that it is this portion of the resistance data’s distribution that governs the size of the zone
representing probability of failure, or the reliability index. Thus it is these non-conservative,
over-predicted, cases which dictate the value of φ. This superior method was also selected for the
PSU ODOT φ calibration. Table 3.1-2 gives the resulting φ values for WSDOT formula and
CAPWAP at EOD and BOR. Also included is the efficiency measure, φ/λ, which is a metric
used in recalibration studies to assist with optimizing the method selection. Rather than
evaluating the efficiency of a method based solely on φ value magnitude, this metric provides the
resistance factor normalized by the method’s mean bias and thus captures the variability of that
method. Methods with high efficiency factors have low coefficients of variation about that mean,
rendering them more efficient at estimating capacity and are therefore preferable to those
methods with low efficiency factors.
Table 3.1-2: WSDOT recalibration of φ for WSDOT driving formula and CAPWAP

3.2
3.2.1

Method

Monte Carlo ϕ

Efficiency, ϕ/λ

AASHTO ϕ

WSDOT Formula

0.55

0.65

-

CAPWAP (EOD)

0.80

0.53

-

CAPWAP (BOR)

0.75

0.73

0.65

MIDWEST
Iowa

A large research effort undertaken by Iowa State University’s Institute for Transportation and
Bridge Engineering Center for the Iowa DOT beginning in 2009 led to the recalibration of φ
values to better reflect their region-specific soils and standards of practice. The researchers
elected to recalibrate φ for both static and dynamic methods. The results of the Iowa State
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University recalibration effort are summarized in a lengthy and comprehensive four volume final
report that was released over a period two years between 2010 and 2012. Volume I describe the
pile load test database used for recalibration, Volume II summarizes the field testing protocol,
Volume III provides the recommended resistance factors, and Volume IV gives track examples
to supplement the design guide.
Like PSU’s research, Iowa DOT’s Phase I involved the development of a pile load test database
from which φ values could be calibrated statistically. The database, penned PIle LOad Test
(PILOT), consists of 264 historic static load tests on steel H-, monotube, concrete, pipe, and
timber piles conducted across the state of Iowa between 1966 and 1989. In addition to the 264
historic static load tests, 10 full scale field tests on steel H-piles (i.e. static load testing, dynamic
testing during EOD and BOR) were added as part of the 2010 research efforts. The database
contained sufficient data from each site such that recalibrations could be developed for static
analysis methods, dynamic analysis methods, and dynamic formulae. In the database’s
development stages, cases were deemed “reliable” if Davisson’s displacement criteria was
reached during the pile’s static load test. Usable static cases included those load tests were
reliable and had soil boring information and SPT data within 100 feet of the test pile. Lastly,
usable dynamic cases were defined as those usable static pile load tests that came with complete
driving records and details about the pile driving equipment. This appears to have been the only
data filtering performed on the full database of 264 cases. The resulting contents of the final,
usable database are summarized in Table 3.2-1. H-piles make up the largest percentage of the
database population (>50% of the usable static and usable dynamic cases), which reflects the
dominance of end bearing H-piles in Iowa’s bridge design (AbdelSalam, et al., 2012).

Table 3.2-1: Summary of PILOT database cases
Pile Type
H
Timber
Pipe
Monotube
Concrete

Soil Type
Sand

Clay

Mixed

Unavailable

50
7
6
3
0

50
43
3
0
0

60
12
6
2
1

10
13
1
2
1
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Total

Reliable

Usable
(Static)

Usable
(Dynamic)

170
75
16
7
2

147
47
15
5
1

88
24
14
3
0

40
9
2
3
0

The Iowa researchers elected to use the closed form FOSM statistical method for recalibration,
using the same reliability index, and load parameters as AASHTO and NCHRP-507. They
calibrated for their in-house driving formula, GRLWEAP, and dynamic testing. For GRLWEAP,
they experimented with various static analysis input methods, despite the fact that the proprietary
Iowa Blue Book Method is codified as the standard input. The exploration yielded the
preliminary φ values at EOD conditions only summarized in Figure 3.2-1.

Figure 3.2-1: Iowa preliminary calibrations of φ for GRLWEAP (AbdelSalam, et al., 2012)

For dynamic method φ recalibration, the researchers adopted a semi-empirical approach to
quantifying the effects of setup on pile capacity. The researchers treated the resistance due to soil
setup separate from the total nominal resistance (i.e. the resistance developed at EOD conditions)
such that EOD resistance and setup resistance carry separate reliabilities (Ng et al., 2011). In
treating setup as a separate resistance, the researchers give a case for the development of a
separate φ for each resistance component.
RTOTAL = REOD + RSETUP
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REOD is determined from field blow counts at EOD input to GRLWEAP, or from dynamic testing
at EOD conditions. RSETUP is determined using an empirical method considering average SPT-N
blow counts along the pile length, horizontal coefficient of consolidation, and elapsed time since
EOD (Ng et al., 2011). The final recommended resistance factors from this research, among the
highest state-specific recalibrated values, were implemented into the 2014 Iowa DOT LRFD
Bridge Code, and are summarized in Figures 3.2-2 and 3.2-3. Note that the standard
recommended input to GRLWEAP is the Iowa Blue Book method.

Figure 3.2-2: Iowa DOT geotechnical resistance φ for strength limit state of single pile in redundant group
(Iowa DOT, 2014)

Figure 3.2-3: Iowa DOT target driving resistance φ for strength limit state of single pile in redundant group
(Iowa DOT, 2014)

3.2.2

Illinois

Illinois uses an in-house static method called K-IDOT (Long et al, 2014). As part of their
recalibration effort, which was headed by researchers at the University of Illinois UrbanaChampaign, they calibrated φ values for this static method, as well as both dynamic formula and

25

dynamic testing. The effort was based upon dynamic tests taken across the state of Illinois such
that test were representative of all soil types across the state. Most were H piles and closed end
pipes. 37 piles from 19 sites across Illinois, though most were clustered about the middle half
and western portion of the state (Long et al, 2014). Of the 37 piles, 26 were CEP and 11 were H piles.
In the absence of static load test data, CAPWAP at BOR condition was treated as the actual pile
capacity and adjusted based on work by Rausche et al, (1996). Rausche’s work compared
CAPWAP at BOR capacity estimates to actual static load test results for 99 cases and concluded
that the average ratio of CAPWAP to static load test capacity is 0.92 with a COV of 0.22 and
average bias of 1.14. However, sources do not indicate whether or not this measured static load
test capacity is based on Davisson’s Criterion (FHWA, 2006; Long et al, 2014). Illinois
researchers first calibrated their φ values using CAPWAP at BOR as the measured value, then
adjusted that φ value using the average ratio of CAPWAP to static load test capacity of 0.92 in
the following relation:

Note that this method of determining bias is not in accordance with AASHTO recommendations.
Illinois researchers then used the FOSM method with the Bloomquist modification, such that the
closed form equation became:

In this equation, the researchers used the same load metrics as inputs to the simpler FOSM
closed form equation used in NCHRP-507. Figure 3.2-4 provides the φ values as calibrated to
the CAPWAP BOR capacity and the adjusted φ values.
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3.2-4: Illinois φ values based on CAPWAP and adjusted for Static Load Test capacity (Long et al, 2014)

3.3
3.3.1

SOUTH AND SOUTHEAST
Florida

The University of Florida completed a recalibration effort for the Florida DOT in 2013. φ was
developed for the Embedded Data Collector (EDC) on pres-stresed precast concrete piles.
Unlike PDA, EDC is a field dynamic method that places sensors at both the top and bottom of
the pile. The sensors are wireless and cast into the conrete piles at the yard prior to driving. The
EDC then is able to monitor the driving stresses both at the top and bottom of the pile during
driving (McVay, 2013).
Phase I of the Florida DOT research begain in 2009 and aimed to first establish EDC as a viable
method for estimating capacity by comparing its estimates to that of CAPWAP. Phase II then
further compared EDC to static load test results. Lastly, φ factors were devloped for EDC
methods, which, as of the 2013 research, were recommended to be implemented into practice.
Researchers adhered to the standards set forth by the AASHTO and NCHRP-507 in that they
used the static load test Davisson’s capacities as measured for their bias calculations and the
closed form FOSM . A total of 12 static load tests, 8 from Florida and 4 from Louisiana, were
used. Restrike times for their test piles varied from 2 days to 16 days. Acknowledging that the
sample size of 12 is lacking, researchers recommended the interim values at BOR summarized in
Table 3.3-1 until such time tha the database is increased to at least 30 cases (McVay, 2013) .
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Table 3.3-1: Recommended interim Florida DOT φ values for EDC and CAPWAP at BOR
Method

3.3.2

ϕ

ϕ/λ

EDC (BOR)

0.65

0.68

CAPWAP (BOR)

0.54

0.59

Louisiana

Louisiana practice is based primarily on in situ methods due to the prevalence of soft cohesive
soils. Beginning in 2009, Louisiana DOT partnered with Louisiana Tech University in a
recalibration effort for CPT methods, as well as CAPWAP at EOD and BOR. Researchers first
produced a database of 53 square pre-stressed precast concrete piles across the state, as this is the
dominant pile type used in this region. 51 were frictional piles while 2 were end bearing. 39 were
in predominantly cohesive and 12 in predominantly non-cohesive soils. All piles were subjected
to static load tests and dynamic testing at EOD and BOR. In addition, SPT, laboratory test
results, and CPT data were furnished for each test site (Abu-Farsakh et al, 2009).
Researchers used FOSM, as well as the more rigorous First Order Reliability Method (FORM)
and Monte Carlo method to arrive at recommended φ values. Unlike AASHTO and PSU,
Louisiana used a dead load to live load ratio of 3 to better reflect local practice. All other factors
(target reliability and load statistics) matched AASTHO-recommendations. The resulting φ
values for the three statistical methods of calibration, along with efficiency factors, are provided
in Table 3.3.2-1. The unreasonably high φ value for CAPWAP at EOD is explained by
substantial soil setup observed in the test piles. In the primarily cohesive Louisiana soils,
researchers recommend it restrike if using dynamic methods at least 14 days after EOD (AbuFarsakh et al., 2009).
Table 3.3-2: Louisiana DOT calibrated φ for CPT Methods and dynamic testing
Method

FOSM

FORM

Monte Carlo

AASHTO ϕ

ϕ

ϕ/λ

ϕ

ϕ/λ

ϕ

ϕ/λ

Schmertmann

0.44

0.47

0.48

0.52

0.49

0.53

0.50

LCPC/LCP

0.54

0.51

0.60

0.56

0.59

0.56

-

De Ruiter and Beringen
CPT Average
CAPWAP (EOD)
CAPWAP (14 day BOR)

0.66
0.55
1.31
0.55

0.55
0.53
0.36
0.44

0.74
0.61
1.41
0.61

0.62
0.59
0.39
0.52

0.73
0.62
0.62

0.61
0.59
0.47

-
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0.65

4.0

PSU PHASE III: IMPLEMENTATION AND DATABASE RELIABILITY ISSUES

Illustrated in Section 3 of this report, no regional recalibration effort is approaching recalibration
in the same way. Each approach soil setup differently, some use proprietary capacity estimate
methods not addressed in the AASHTO LRFD Bridge Design Specifications, all are using
different data sets upon which to base their calibrations, and many calibrate their φ values using
different statistical methods (FOSM or Monte Carlo). Others, based on average local bridge span
lengths, adopt different dead load live load ratios. This variability is at the core the issues faced
in LRFD implementation, as there is no standard set forth by FHWA for the state DOTs to
follow. In order to explore some of these regionally recalibrated φ implementation issues, the
PSU database created as part of the PSU Phase II research is used here to develop φ values at
EOD and BOR for CAPWAP to supplement the φ values at EOD and BOR for GRLWEAP
developed in Phase II. Case studies from both the control Scenario A and the ODOT Scenario G
were used. The statistical parameters from these recalibrations were then used to explore
appropriate efficiency measures to aid in method selection and to give some insight into
reliability issues not addressed by AASHTO or state recalibration efforts, like database
confidence and sample size statistical adequacy issues.
4.1

FIRST

ORDER

SECOND

MOMENT

(FOSM)

φ

RESISTANCE

FACTOR

DEVELOPMENT
The closed form First Order Second Moment (FOSM) method was used to generate φ values for
EOD and BOR conditions using both GRLWEAP and CAPWAP capacity estimate methods.
Scenario A, which was developed as a control comparison to metrics generated in NCHRP-507,
and the ODOT-specific Scenario G cases were explored. Within these scenarios, φ at EOD and
BOR was evaluated for all cases, open-ended pipe pipes (OEP), closed-end pipe piles (CEP), and
both CEP and OEP. As a result, 8 scenario-specific φ values were developed for each method.
In accordance with methods for φ development followed by AASHTO, NCHRP-507 and PSU
Phase II, the load statistics in Table 4.1-1 were input to the following closed form FOSM
equation for φ:
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Table 4.1-1: Values Used for FOSM φ Calculations
Load Type
Distribution
Predicted Value
λ
COV
ΥDL
ΥLL
β

DL
Lognormal
800
1.05
0.10

LL
Lognormal
400
1.15
0.20
1.25
1.75
2.33

Tables 4.1-2 through 4.1-5 give the resulting FOSM φ values for EOD and BOR GRLWEAP
and CAPWAP capacities using Scenario A and Scenario G cases, respectively. Because not all
piles within the database included CAPWAP results, the corresponding case numbers for
CAPWAP and GRLWEAP are not the same. Within each scenario, pipe piles were examined
separately, as these represent the dominant pile type for ODOT projects. Note that the full
database includes concrete piles, timber piles, and H-piles. These pile types were not considered
separately as they do not reflect local practice, but were included as part of the “All Pile Types”
cases summarized below. Already ODOT’s concern with an adequate population of pipe piles
within the database is clear, an issue that will be explored further in subsequent sections. In
general, CAPWAP φ values tend to be higher than the corresponding GRLWEAP φ values, and
EOD lower than BOR φ values. This differs from the CAPWAP values determined in NCHRP50, which were lower for EOD and BOR at 0.591 and 0.583, respectively (Paikowsky, 2004).
Scenario G φ values show overall lower variability and higher φ values than Scenario A.

30

Table 4.1-2: GRLWEAP Scenario A FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and CEP

EOD/BOR

# of Cases

Mean λ

COV

Standard
Deviation

FOSM φ

EOD
BOR
EOD
BOR
EOD
BOR
EOD
BOR

175
175
7
7
48
48
55
55

1.555
0.993
1.539
1.141
2.232
1.211
2.144
1.202

0.708
0.472
0.283
0.265
0.754
0.345
0.744
0.336

1.102
0.468
0.436
0.303
1.684
0.418
1.595
0.404

0.35
0.38
0.87
0.67
0.46
0.60
0.45
0.61

Table 4.1-3: CAPWAP Scenario A FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and CEP

EOD/BOR

# of Cases

Mean λ

COV

Standard
Deviation

FOSM φ

EOD
BOR
EOD
BOR
EOD
BOR
EOD
BOR

104
146
4
7
31
40
35
47

1.700
1.201
1.480
1.200
1.927
1.160
1.876
1.166

0.548
0.327
0.261
0.193
0.711
0.243
0.693
0.234

0.932
0.393
0.387
0.231
1.369
0.282
1.299
0.273

0.54
0.62
0.87
0.80
0.44
0.71
0.44
0.72

Table 4.1-4: GRLWEAP Scenario G FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and CEP

EOD/BOR

# of Cases

Mean λ

COV

EOD
BOR
EOD
BOR
EOD
BOR
EOD
BOR

94
114
4
4
19
33
23
37

1.328
0.985
1.471
1.010
1.450
1.192
1.453
1.172

0.452
0.437
0.390
0.295
0.325
0.338
0.328
0.336

Standard
Deviation
0.564
0.430
0.574
0.297
0.471
0.403
0.476
0.393

FOSM φ
0.56
0.40
0.66
0.56
0.75
0.60
0.75
0.59

Table 4.1-5: CAPWAP Scenario G FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and CEP

EOD/BOR

# of Cases

Mean λ

COV

Standard
Deviation

FOSM φ

EOD
BOR
EOD
BOR
EOD
BOR
EOD
BOR

72
99
2
4
21
26
23
30

1.670
1.187
1.180
1.123
1.731
1.130
1.683
1.129

0.434
0.319
0.138
0.199
0.527
0.231
0.526
0.224

0.725
0.379
0.163
0.224
0.912
0.262
0.885
0.253

0.69
0.62
0.85
0.74
0.58
0.70
0.57
0.71
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4.2

EFFICIENCY MEASURES

Comparing relative magnitudes of φ values may seem like an attractive means for selecting the
most appropriate or efficient method to estimate pile capacity. The engineer inexperienced in
LRFD may be tempted to believe that a higher φ corresponds to a more reliable method, and thus
will result in fewer required piles and a lower overall cost. φ values magnitudes alone mask the
variability of the methods prediction of capacity. A method may predict capacity with a lower
overall bias (i.e. closer to the measured capacity), but have a lower φ value than another method
that predicts capacity with a higher bias. One needs only look to the GRLWEAP BOR φ and
EOD φ values for Scenario G in Table 4.1-4 to see this phenomenon. The high φ value for
CAPWAP at EOD conditions developed by La-DOT (Table 3.3-1) also illustrates the problem
with selecting a method based on φ magnitude alone.
To get a better sense as to which φ will yield a more efficient design, the efficiency factor is
often used. This means of comparison utilized by Paikowsky in NCHRP-507, as well as several
of the state-specific recalibration studies cited in Section 3 of this report, normalizes φ by that
method’s mean bias, λ. φ/λ values for each method can be compared directly. The method with a
higher coefficient of variation will yield a lower φ/λ, while the method with a lower coefficient
of variation will yield a higher φ/λ. A higher efficiency suggests that the method is more efficient
at predicting that mean capacity value, and in consequence, should be more appropriate in
practice.
Another way to evaluate the efficiency of a method is simply to compare respective equivalent
FS values (Salgado, 2008):

While this is not necessarily in line with reliability theory, nor is it good practice to consider the
two methods as equivalents, it can give the engineer some assurance that the LRFD methods are
comparable to what would be achieved using traditional ASD practice. When considered in
tandem with φ/λ, it may help identify those methods which are over- or under- conservative and
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inefficient. These equivalent FS values are shown alongside the φ values and efficiency factors
for GRLWEAP and CAPWAP capacities for Scenario A in Tables 4.2-1 and 4.2-2, and for
Scenario G in Tables 4.2-3 and 4.2-4, respectively.

Table 4.2-1: GRLWEAP Scenario A FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and
CEP

EOD/BOR

# of
Cases

Mean λ

COV

Standard
Deviation

FOSM φ

Equivalent
FS

Efficiency,
φ/λ

EOD
BOR
EOD
BOR
EOD
BOR
EOD

175
175
7
7
48
48
55

1.555
0.993
1.539
1.141
2.232
1.211
2.144

0.708
0.472
0.283
0.265
0.754
0.345
0.744

1.102
0.468
0.436
0.303
1.684
0.418
1.595

0.35
0.38
0.87
0.67
0.46
0.60
0.45

6.24
3.74
2.51
2.43
6.87
2.85
6.72

0.23
0.38
0.56
0.58
0.21
0.50
0.21

BOR

55

1.202

0.336

0.404

0.61

2.80

0.51

Table 4.2-2: CAPWAP Scenario A FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and
CEP

EOD/BOR

# of
Cases

Mean λ

COV

Standard
Deviation

FOSM φ

Equivalent
FS

Efficiency,
φ/λ

EOD
BOR
EOD
BOR
EOD
BOR
EOD

104
146
4
7
31
40
35

1.700
1.201
1.480
1.200
1.927
1.160
1.876

0.548
0.327
0.261
0.193
0.711
0.243
0.693

0.932
0.393
0.387
0.231
1.369
0.282
1.299

0.54
0.62
0.87
0.80
0.44
0.71
0.44

4.43
2.75
2.41
2.13
6.27
2.32
6.04

0.32
0.52
0.59
0.67
0.23
0.61
0.23

BOR

47

1.166

0.234

0.273

0.72

2.29

0.62
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Table 4.2-3: GRLWEAP Scenario G FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and
CEP

EOD/BOR

# of
Cases

Mean λ

COV

Standard
Deviation

FOSM φ

Equivalent
FS

Efficiency,
φ/λ

EOD
BOR
EOD
BOR
EOD
BOR
EOD

94
114
4
4
19
33
23

1.328
0.985
1.471
1.010
1.450
1.192
1.453

0.452
0.437
0.390
0.295
0.325
0.338
0.328

0.564
0.430
0.574
0.297
0.471
0.403
0.476

0.56
0.40
0.66
0.56
0.75
0.60
0.75

3.36
3.47
3.14
2.57
2.74
2.81
2.75

0.42
0.41
0.45
0.55
0.52
0.50
0.52

BOR

37

1.172

0.336

0.393

0.59

2.79

0.51

Table 4.2-4: CAPWAP Scenario G FOSM resistance factor development
Pile Type
All
OEP
CEP
OEP and
CEP

EOD/BOR

# of
Cases

Mean λ

COV

Standard
Deviation

FOSM φ

Equivalent
FS

Efficiency,
φ/λ

EOD
BOR
EOD
BOR
EOD
BOR

72
99
2
4
21
26

1.670
1.187
1.180
1.123
1.731
1.130

0.434
0.319
0.138
0.199
0.527
0.231

0.725
0.379
0.163
0.224
0.912
0.262

0.69
0.62
0.85
0.74
0.58
0.70

3.45
2.70
1.96
2.15
4.23
2.28

0.41
0.52
0.72
0.66
0.34
0.62

EOD

23

1.683

0.526

0.885

0.57

4.21

0.34

BOR

30

1.129

0.224

0.253

0.71

2.25

0.63

Comparing the φ values at EOD and BOR conditions for all piles in Table 4.2-4, the BOR
CAPWAP condition’s higher φ/λ and equivalent FS more in line with traditional ASD practice at
2.7 would direct the engineer toward the decision to restrike and adopt the φ for BOR. In
general, φ/λ is higher and the FS more reasonable for BOR conditions in the broader Scenario A
cases, the implication being that using φ/λ as a metric for field practice decisions directs the
engineer to recommending pile restrike. This trend with regard to restrike is not apparent for the
narrower Scenario G cases, and φ/λ factors for the Scenario G GRLWEAP FOSM φ show the
same trend as those factors for the Monte Carlo φ values provided in Phase II. The tables also
suggest the equivalent FS for ODOT Scenario G on some pile subsets based on CAPWAP are
below the generally accepted minimums used in ASD. The φ/λ and equivalent FS values are
certainly more appropriate than comparing the straight φ values for each method, but both lose
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sight of the critical sample size and database reliability issue that was a key aspect with regard to
ODOT implementation.
4.3

STATISTICAL PARAMETERS AND DATABASE RELIABILITY ISSUES

A high φ, high efficiency factor, and comparable equivalent ASD FS may not mean much if the
database from which that φ was calibrated is itself prone to error and lacking in sufficient case
history size. ODOT, in part, is

hesitant to implement the recommended φ of 0.55 for

GRLWEAP valid for all piles/soil combinations at EOD conditions developed in Phase II
because they felt the PSU database, which totaled 94 cases and drew cases from across the
country, was lacking in both representative Pacific Northwest cases and pipe pile cases used for
ODOT bridges. Although this broader case database may fit the needs of private sector
consulting, whose client base includes a wider range in design needs and applications, the
majority of driven pile designs in Oregon utilize pipe piles. This lack of Pacific Northwest cases
and pipe pile cases warranted concern on the part of ODOT with regard implementation on their
projects Adequate sample size was acknowledged by the Florida recalibration effort, as their 17case database was admittedly lacking, but this issue was not addressed by the other regionspecific efforts that used rather small datasets to calibrate φ.
With a larger sample size comes a greater degree of certainty that the sample’s mean value is
truly representative of the population mean. That degree of certainty is known as the error on the
mean and can be quantified using sample sizes for a given population in accordance with ASTM
E-122 (Handy and Spangler, 2007). Per ASTM E-122, that accepted allowable error on the
sample mean can be determined knowing the sample’s standard deviation, s, size, n, and mean λ:

This equation may also be rearranged to arrive at the required sample size for a specified
allowable error on the mean. Knowing what sample size corresponds to a pre-specified allowable
error can aid researchers in developing reliable database upon which to base their recalibrations.
All pile subset cases used to generate φ values in both Scenarios A and G were evaluated using
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ASTM E-122. The associated error was found with the known number of cases. It was also
determined how many cases for each would be required for 10% allowable error on the mean and
for 20% error on the allowable mean. In this way, it became easier to determine how many more
pipe pile cases would need to be added to the full database in order for ODOT, or any agency, to
more confidently accept the calculated φ value.

Figures 4.3-1 and 4.3-2 show graphically the results for Scenarios A and G, respectively. Each
graph depicts the actual number of cases contained within each subset, the required number of
cases for 10% error on the mean λ, and the required cases for 20% error on the mean λ for both
EOD and BOR conditions.

Data for these graphs are tabulated Tables 4.3-1 through 4.3-4.

The problem with pipe pile sample size becomes strikingly apparent in Figures 4.3-1 and
4.3-2.The number of representative CEP piles is particularly deficient. For both Scenarios A and
G, a database consisting of all pile types seems reasonably reliable, with an error on the mean
bias ranging from 8.1% to 16.1%. Once the database is broken down and examined by pile type,
a major sample size reliability issue becomes evident. From Table 4.3-3, the representative
sample size within the Scenario G for OEP at EOD has a 58% error on the mean λ. ODOT would
need to add 137 OEP cases to the database for an allowable 10% error on the mean λ, or 34
for an allowable 20% error on the mean λ.
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Figure 4.3-1: Scenario A cases required for 10% and 20% confidence on the mean in GRLWEAP (top) and CAPWAP (bottom) compared to actual
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Figure 4.3-2: Scenario G cases required for 10% and 20% error on the mean in GRLWEAP (top) and CAPWAP (bottom) compared to actual
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Table 4.3-1: Error on mean bias (λ) for Scenario A GRLWEAP cases
Pile Type
All
OEP
CEP
OEP and CEP

175
175
7
7
48
48
55

# of Cases for
10% Allowable
Error on Mean λ
452
200
72
63
512
107
498

# of Cases for
20% Allowable
Error on Mean λ
113
50
18
16
128
27
124

55

101

25

EOD/BOR

Error on Mean λ

# of Cases

EOD
BOR
EOD
BOR
EOD
BOR
EOD

16.1%
10.7%
32.1%
30.1%
32.7%
14.9%
30.1%

BOR

13.6%

Table 4.3-2: Error on mean bias (λ) for Scenario A CAPWAP cases
Pile Type
All
OEP
CEP
OEP and CEP

104
146
4
7
31
40

# of Cases for
10% Allowable
Error on Mean λ
270
96
61
33
454
53

# of Cases for
20% Allowable
Error on Mean λ
68
24
15
8
114
13

35.1%

35

432

108

10.3%

47

49

12

EOD/BOR

Error on Mean λ

# of Cases

EOD
BOR
EOD
BOR
EOD
BOR

16.1%
8.1%
39.2%
21.9%
38.3%
11.5%

EOD
BOR
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Table 4.3-3: Error on mean bias (λ) for Scenario G GRLWEAP cases
Pile Type
All
OEP
CEP
OEP and CEP

94
114
4
4
19
33
23

# of Cases for
10% Allowable
Error on Mean λ
162
172
137
78
95
103
97

# of Cases for
20% Allowable
Error on Mean λ
41
43
34
20
24
26
24

37

101

25

EOD/BOR

Error on Mean λ

# of Cases

EOD
BOR
EOD
BOR
EOD
BOR
EOD

13.1%
12.3%
58.5%
44.2%
22.4%
17.6%
20.5%

BOR

16.5%

Table 4.3-4: Error on mean bias (λ) for Scenario G CAPWAP cases
Pile Type
All
OEP
CEP
OEP and CEP

72
99
2
4
21
26
23

# of Cases for
10% Allowable
Error on Mean λ
169
92
17
36
250
48
249

# of Cases for
20% Allowable
Error on Mean λ
42
23
4
9
62
12
62

30

45

11

EOD/BOR

Error on Mean λ

# of Cases

EOD
BOR
EOD
BOR
EOD
BOR
EOD

15.3%
9.6%
29.3%
29.9%
34.5%
13.6%
32.9%

BOR

12.3%

In Tables 4.3-1 and 4.3-2, the ‘All Pile’ cases in Scenario A for both GRLWEAP and CAPWAP
show comparable errors on the mean bias at both EOD and BOR. This suggests a similar
confidence in capacity estimates by GRLWEAP and CAPWAP at each condition for the
broader-based Scenario A. With the smallest sample size, OEP cases show the lowest confidence
for GRLWEAP and CAPWAP at both EOD and BOR conditions. In Tables 4.3-3 and 4.3-4,
BOR conditions show lower overall error on the mean bias for Scenario G, with the exception of
OEP CAPWAP. GRLWEAP shows a lower error for all piles at EOD and the OEP+CEP cases in
Scenario G as compared to CAPWAP. At BOR the opposite is true, suggesting that taking
capacity estimates at restrike is less prone to error than at EOD. GRLWEAP shows much lower
confidence for Scenario G OEP cases at both EOD and BOR, highlighting again the high error
and deficiency in using a very small sample size for calibration. DOTs should consider regular
updates to their databases as more quality pile load test cases become available. They could then
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implement these recalibrated φ values into subsequent revisions to their state bridge codes,
thereby increasing the confidence in their region-specific φ values.
4.4

STATISTICAL METHODS FOR RECALIBRATION: FOSM AND MONTE CARLO

The statistical method employed for recalibration is not specified by AASHTO, though it will
affect the resulting φ values. As seen in Section 3, many states elected to use the simpler FOSM
closed form equation. Others DOT efforts, like those of La-DOT, WSDOT, and ODOT, used the
more advanced Monte Carlo method. The Monte Carlo method focuses on the lower bound data
of a resistance distribution, as this is the portion of data that dictates the overlap, or probability of
failure zone. Illustrated clearly in La-DOT’s recalibration effort, this method yields different and
overall slightly higher φ values than does the simpler FOSM method (Table 3.3-1). This was
also shown to be true in the PSU Phase II research. Table 4.4-1 shows the results from PSU
Phase II efforts for all scenarios employing GRLWEAP. The ratio of Monte Carlo φ to FOSM φ
was determined for each, then averaged.
Table 4.4-1: FOSM and Monte Carlo φ comparison from PSU Phase II research
PSU Scenario
A
F
G
I
J

EOD/BOR

Monte Carlo ϕ

FOSM ϕ

Monte Carlo ϕ/FOSM ϕ

EOD
BOR
EOD
BOR
EOD
BOR
EOD
BOR
EOD
BOR

0.54
0.39
0.59
0.42
0.57
0.41
0.83
0.49
0.55
0.36

0.35
0.38
0.59
0.42
0.56
0.40
0.64
0.49
0.51
0.36

1.54
1.03
1.00
1.00
1.02
1.03
1.30
1.00
1.08
1.00
1.10

AVERAGE

Overall, it should be no surprise that using the more advanced Monte Carlo method will on
average yield a φ value that is 10% larger than the FOSM method. This is due to curve fitting
only the lower bias tail and removing rogue data outliers contained in the full dataset which have
the effect of distorting statistical parameters. Thus, a DOT may be better served to treat their data
more vigorously with the Monte Carlo method to arrive at a higher φ that is more representative
of the lower-bound data, as it is this lower bound data that should be dictating the design to avoid
under-conservatism.
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4.5

FIELD STANDARDS OF PRACTICE AND THE DECISION TO RESTRIKE

Field standards of practice specific to each region will be reflected in that region’s calibrated φ
values. Specifically, practice surrounding the treatment of time-dependent capacity changes will
impact both how regions approach recalibration and implement changes into their local codes.
The FHWA published a driven pile design and construction manual in 2006. The manual
provides some guidelines as to field practices when using dynamic and field verification
methods, specifically around the decision to restrike. FHWA recommends that restrike be
delayed at least two weeks after driving in clays. In sandy silts and fine sands, five days to a
week is deemed sufficient. Table 4.5-1 gives the exact specified wait times until restrike
provided by FHWA (FHWA, 2006). However, the accompanying commentary notes that these
times may vary based on local practice and that the exact restrike time and frequency should be
clearly stated in project specifications.

Table 4.5-1: Recommended wait times until restrike per FHWA
Soil Type

Time Until Restrike

Clean Sands

1 Day

Silty Sands

2 Days

Sandy Silts

3-5 Days

Silty Clays

7-14 Days*

Shales

10-14 Days*

*longer times sometimes required

While these wait times are codified by FHWA, they may vary greatly by region depending on
local experience. In some cases, states may elect to apply setup factors rather than taking actual
restrike measurements. This can be due to time and budget constraints for smaller budget
projects. The question of whether or not taking capacity at BOR conditions is worth the extra
time and cost could become paramount for region-specific implementation efforts on smaller
projects.
If φ at BOR is overall lower than φ for EOD, but capacity is higher at BOR than capacity at
EOD, there is a possibility that factored EOD capacity ends up as equivalent to factored BOR
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capacity. If that is the case, is restrike even necessary? It could be that the same factored capacity
would arise from φ EOD as with φ BOR. The field practice implication being that time savings
would result from taking field blow counts or conducting dynamic tests at EOD conditions only.
To explore this relationship and implementation issue, factored EOD capacity was plotted
against factored BOR capacity to examine how well the data fits to a 1:1 line. Figure 4.5-1
shows factored GRLWEAP and CAPWAP capacities at both EOD and BOR conditions for all
cases in Scenario A. Inset to this Figure is an enlarged version of the plot to better show the
distribution. Also explored is the effect of adhering to FHWA and AASHTO-recommended wait
times before restrike. The open circles on the plot denote those cases which did not adhere to the
recommended wait times before restrike specified in Table 4.5-1 per FHWA and AASHTO.
Both GRLWEAP and CAPWAP capacities show clustering above the 1:1 line (1.44:1 and
1.36:1, respectively), indicating that, despite EOD value of φ being higher than the BOR value of
φ, restrike still yields the higher working capacity. Depending on the relative cost of added
material for deeper driving to time delays, it may be worth taking the extra time to restrike and
use capacity at BOR conditions in design.

Figure 4.5-2 shows the same figure for Scenario G. Unlike Scenario A, the data is largely
clustered about the 1:1 line. GRLWEAP data trends to a 0.96:1 line, while CAPWAP is slightly
above at 1.07:1. The difference between EOD and BOR capacities is negligible, suggesting that
restrike may not be necessary. On both figures, those cases which did not adhere to FHWA and
AASHTO wait times do not exhibit any clear pattern in their distribution, showing equal scatter
as the rest of the data. The implication is that local engineers’ experience and judgment may be a
better guideline for defining adequate restrike wait times than the FHWA codified
recommendations in Table 4.5-1. Had these cases facilitated a longer wait time in adhering to
the FHWA minimums, then the resulting calibrated φ values would likely have increased.
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Figure 4.5-1: Factored GRLWEAP and CAPWAP EOD and BOR resistances for all Scenario A cases

Figure 4.5-2: Factored GRLWEAP and CAPWAP EOD and BOR resistances for all Scenario G cases
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In the 4th Edition and subsequent updates to the AASHTO Bridge Design Specifications,
dynamic CAPWAP analysis testing φ values are given for BOR conditions only. Figures 4.5-3
and 4.5-4 show an exploration as to whether or not it is efficient to use BOR only for CAPWAP.
The graphs show a comparison of factored EOD and BOR CAPWAP capacities for Scenarios A
and G, respectively. On each graph, the φ values developed from the PSU database and the
AASHTO-recommended φ values are shown. The clustering of all data for both figures above
the 1:1 line indicate that it does in fact seem more efficient when using dynamic testing with
CAPWAP to use at BOR conditions. Of course, the final verdict on whether or not to restrike
should be evaluated on a case-by-case basis, and should be dictated by both feasibility and
project budget. In some conditions, it may be prohibitively expensive to add material for
continued and deeper driving if EOD capacities do not meet design requirements, thus justifying
the added cost to of time delay for pile restrike. However, this option still remains unavailable to
those projects using GRLWEAP for capacity estimates and adhering to the AASHTOrecommended φ values, as AASHTO to date still does not provide a φ for BOR GRLWEAP
conditions.
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Figure 4.5-3: Comparison of AASHTO and PSU Factored CAPWAP EOD and BOR resistances for all
Scenario A cases

Figure 4.5-4: Comparison of AASHTO and PSU Factored CAPWAP EOD and BOR resistances for all
Scenario G cases
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5.0

DISCUSSION, CONCLUSIONS AND FUTURE WORK

Geotechnical design is slowly moving to adopt LRFD procedures with the adoption of the
AASHTO LRFD Bridge Design Specifications. With the code’s allowance for states to perform
their own region-specific calibrations has come a range of implementation issues. Geotechnical
engineering poses the unique challenge with regard to nationally codified design due to the
reliance on local experience and judgment embedded in regional practice. This Phase III of the
PSU research has provided a brief history LRFD treatment of dynamic methods, particularly
around the issue of time-dependent capacity changes, and has explored some of the issues
encountered with regional implementation of LRFD design of driven pile foundations using
dynamic methods. Leaving regional recalibration efforts to state DOTs with little guidance has
led to a range of calibration approaches and results. Without a clear definition of how to address
pile restrike, some states continue to treat setup as part of the pile’s total capacity, while others
treat it as a separate resistance with its own reliability. Without implementing standards for
database reliability, some states continue to use extremely small datasets upon which to base
their statistical calibrations. Other states just continue to use φ values that are fit to traditional
ASD FS, which is not reliability-based at all and is not in compliance with LRFD or AASHTO
specifications. As state DOTs move to further refine and implement their region-specific
calibrations and LRFD procedures, they should consider carefully issues of database reliability
and sample size, method of statistical calibration, measures of method efficiency, and the
treatment setup and pile restrike, as all of these factors will contribute to the variability and
reliability of design and overall project cost.
Adequate sample size for confidence in φ has emerged as a key implementation issue in this
study, so future work should include a continued effort to build up and refine the PSU Database
to include both increased Pacific Northwest and quality pipe pile cases. Subsequent
recalibrations of φ would help increase confidence in the recommended values. Dynamic testing
is becoming ever more accessible for driven pile projects, as several local Portland firms have
invested in their own PDA units in recent years. A survey of local practitioners to gauge their
recommendations and standards of practice surrounding use of dynamic testing for both private
and public works projects would be beneficial to determine whether or not ODOT would be well
served to implement their own state-specific φ for GRLWEAP and CAPWAP at EOD and BOR.
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A recalibration for CAPWAP should employ the more advanced Monte Carlo method to
compare with those FOSM φ values presented here, offering a comparison among the relative
φ/λ efficiency factors to aid in decisions around restrike. The continued work on development of
the PSU Database should correspondingly include more cases with dynamic testing at EOD and
BOR. Cost is often the driving factor in method selection and surrounding field-based decisions.
As such, a detailed cost analysis comparing the relative benefits of CAPWAP to GRLWEAP for
pile capacity estimates to optimize construction management, as well the costs associated with
restrike, should be undertaken.
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